Background and objectives Low bone mineral density and coronary artery calcification (CAC) are highly prevalent among chronic kidney disease (CKD) patients, and both conditions are strongly associated with higher mortality. The study presented here aimed to investigate whether reduced vertebral bone density (VBD) was associated with the presence of CAC in the earlier stages of CKD.
Introduction
Low bone mineral density (BMD) is a common feature among chronic kidney disease (CKD) patients (1) . Abnormal remodeling, cell differentiation, hormonal and growth factor abnormalities, and disorders in mineral content are likely to alter bone architecture, resulting in bone mass loss in these patients (2, 3) . Reduced BMD has been associated not only with increased incidence of fractures (1) but also with higher cardiovascular disease (CVD) and subsequent higher mortality in dialysis populations (2, 3) .
In the general population, the inverse relationship between BMD and coronary artery calcification (CAC) has been demonstrated (4, 5) . More importantly, loss of BMD has been implicated with the progression of CAC over time (6, 7) . In dialysis patients, the few studies using computed tomography (CT) have found an association of vertebral bone density (VBD) with the extent of CAC (8, 9) . CAC is a highly prevalent condition among CKD patients, and it has been described as a strong predictor of worse outcome in the dialysis population (10, 11) . Recently, we demonstrated that the presence of CAC was associated with future cardiovascular events, hospitalization, and mortality in nondialyzed patients as well (12) . In the investigation presented here, we aimed to evaluate the relationship between VBD and CAC, both assessed by CT, in nondialyzed CKD patients. Our hypothesis is that the high prevalence of CAC may be associated with low VBD, and that this linkage starts in the earlier stages of CKD.
Materials and Methods

Patients
A total of 72 asymptomatic nondialyzed CKD patients (stages 2 to 4) followed by a nephrologist for at least 3 months and older than 18 years of age were recruited from the outpatient clinic of the Federal University of São Paulo, Brazil. Exclusion criteria were evidence of inflammation; neoplasic or infectious diseases; and use of phosphate binder, calcium, vitamin D analogs, or corticosteroids.
The study was reviewed and approved by the Ethics Advisory Committee of the Federal University of São Paulo, and each patient signed the informed consent form.
Study Protocol
In this cross-sectional study all selected patients underwent clinical and physical evaluation. Weight and height were used to calculate body mass index (BMI). Previous CVD was characterized by the presence of myocardial infarction, angina pectoris, coronary artery revascularization, ischemic stroke, or a positive diagnostic procedure (stress test, coronary angiography, and radionuclide image). Laboratory tests and multislice vertebral and coronary CT were performed within a period of 30 days after patients' selection.
Laboratory Tests
Blood samples were drawn in a fasting state for the following laboratory tests: hemoglobin, glucose, total cholesterol, HDL and LDL cholesterol, triglycerides, creatinine, ionized calcium, phosphorus, alkaline phosphatase, bicarbonate, intact parathyroid hormone (iPTH; Immulite assay, DPC, Los Angeles, CA; reference range 10 to 65 pg/ml), and 25-hydroxyvitamin D (25(OH)D; radio immunoassay, DiaSorin, Stillwater, MN; reference range 18 to 62 ng/ml). The creatinine clearance and proteinuria were measured by obtaining 24-hour urine samples. Creatinine clearance was corrected for body surface area. Abnormal proteinuria was defined as urinary protein excretion Ͼ150 mg/24 h. According to the Kidney Disease Improving Global Outcomes Guideline on Mineral and Bone Disorder of Chronic Kidney Disease (13), hyperphosphatemia, hypercalcemia, and hyperparathyroidism were considered when serum phosphorus, ionized calcium, and iPTH levels were higher than the upper limit of normal range (Ͼ4.6 mg/dl, Ͼ1.40 mmol/L, and Ͼ65 pg/ml, respectively). Vitamin D deficiency and insufficiency were diagnosed when 25(OH)D values were Ͻ15 ng/ml and between 15 and 30 ng/ml, respectively.
VBD
Stored vertebral images were obtained in a 16-detectorrow scanner (Somatron Volume Zoom Siemens AG, Erlhagen, Germany). A thoracic vertebra was used for VBD analysis because the patients of this study were participating in a protocol that required the performance of a chest CT scan for measurement of coronary calcification. For the assessment of VBD by CT, the mean density within a region of interest placed at the midvertebral body was measured including only medullar (trabecular) bone (Figure 1 ). The vertebral body chosen was the thoracic vertebra located at the level of aortic root on the axial images. The mean density obtained from this region of interest was considered as a surrogate measure of VBD and was expressed in Hounsfield units (HU). All analyses were performed in a Vitrea 2 workstation (Vital Images, Inc., Plymouth, MN) by two independent observers blind to the clinical data, and the mean values were considered for statistical analyses.
CAC
Patients underwent coronary calcium quantification by a multislice CT scanner (Somatrom Volum Zoom Siemens AG, Erlhagen, Germany) using a gantry rotation of 0.4 seconds, a collimation of 2.5 mm (slice thickness), and a reconstruction time of 6 frames/s. A calcium threshold of Ն130 HU was used. The images were scored by a single radiologist blinded to all clinical and biochemical aspects of the patient. As described by Agatston (14) , the calcium score was determined by multiplying the area of each calcified lesion by a weighting factor corresponding to the peak pixel intensity for each lesion. The sum of each lesion of all coronary arteries was used for analysis. Presence of CAC was defined as calcium score Ͼ10 Agatston units (AU), and severe CAC as calcium score Ն400 AU.
Statistical Analyses
Mean and SD, median and interquartile range, or frequencies were calculated for all variables. Comparisons for continuous variables among the VBD tertiles were done by ANOVA or Kruskal-Wallis test for normal and skewed data, respectively. Comparisons of proportions were done by 2 analysis or by Fischer's exact test, as appropriate. The correlation between calcium score or VBD and other variables was assessed using Pearson's or Spearman's correlation coefficients according to the distribution of the variables. For graphical representation, the calcium score was logarithimic transformed (ln[lnCaSc ϩ 1], where CaSc is the calcium score). Multiple logistic regression analysis was applied to evaluate the independent association between VBD and CAC. Statistical analyses were performed using SPSS for Windows (SPSS, Inc., Chicago, IL), and P Ͻ 0.05 was considered statistically significant.
Results
The characteristics of the studied patients are shown in Table 1 . As can be seen, patients were predominantly middle-aged men and had been followed by a nephrologist for a median of 22 months (interquartile range 10 to 51 months). Hypertension and diabetes were the main causes of CKD. Overweight status (BMI 25 to 29.9 kg/m 2 ) and obesity (BMI Ն 30 kg/m 2 ) were found in 40.3% and 22.2% of the patients, respectively. On the basis of the CKD classification proposed by the National Kidney Foundation (Kidney Disease Outcomes Quality Initiative) (15) , most patients (85%) were in stages 3 and 4. Proteinuria was found in 52.8% of patients. Regarding bone metabolism parameters, hyperphosphatemia, hypercalcemia, and hy- perparathyroidism were observed in 7%, 3%, and 67% of the patients, respectively. Elevated levels of alkaline phosphatase were seen in 43% of the patients. Vitamin D deficiency and insufficiency were observed in 9.5% and 28.5% of the patients, respectively. CAC was observed in 50% of the patients; median calcium score in these patients was 120 AU (32 to 584 AU). Severe CAC was found in 19% of the patients, and the median calcium score was 736 AU (527 to 1012 AU). The calcium score was higher among diabetic patients (32.1 [0.3 to 453.3] versus 3.2 AU [0 to 58.1]; P ϭ 0.04). Calcium score correlated with age (r ϭ 0.47; P Ͻ 0.001), urinary protein (r ϭ 0.24; P ϭ 0.04), and serum glucose (r ϭ 0.24; P ϭ 0.04). There was no correlation between CAC and BMI, creatinine clearance, C-reactive protein, lipids, 25(OH)D, iPTH, or other mineral parameters.
The mean VBD was 190 Ϯ 52 HU. VBD correlated inversely with age (r ϭ Ϫ0.41; P Ͻ 0.001; Figure 2 Patients were divided into groups according to tertiles of VBD (Table 1) . Not unexpectedly, patients with lower VBD were older. Patients in the lowest tertile of VBD had expressively increased calcium score in comparison to the middle and highest VBD groups. Figure 4 depicts the prevalence of CAC and severe CAC according to the tertiles of VBD. As lower was the VBD higher was the proportion of patients with CAC Ͼ10 AU (P ϭ 0.042). Although this trend was observed for the presence of CAC Ն 400 AU, statistical significance was not reached (P ϭ 0.18). No other differences were observed among the VBD tertile groups.
Adjusting for confounding variables in the multiple logistic regression analysis, the lowest tertile of VBD was independently associated with the presence of CAC (Table 2) .
Discussion
The study presented here demonstrated that reduced VBD was associated with the presence of CAC in nondialyzed CKD patients. To the best of our knowledge, this is the first study that evaluated this relationship by measuring VBD by CT in this population.
It is well known that low BMD is highly prevalent even in the early stages of CKD (16 -18). Increasing age, diabetes, smoking, glucocorticoid therapy, and mineral metabolism have been described as risk factors for bone loss (19, 20) . The prevalence of CAC is also elevated among nondialyzed CKD patients and it has been associated with future cardiovascular events, hospitalization, and mortality (12) . The available literature identifies age, hypertension, diabetes, dyslipidemia, smoking, and disturbances of bone mineral metabolism as the main risk factors for CAC in CKD patients (21, 22) . In the study presented here, advanced age was the most important factor common for low VBD and presence of CAC. Accordingly, although bone mineralization processes peak at age 25 to 35 years and thereafter, bone mineral content decreases gradually (23) . CAC is thought to initiate around 25 to 35 years old and progress until death (24) . Therefore, aging seems to be a key determinant for both conditions.
In the last few years, some evidence of an inverse relationship between BMD, analyzed by dual-energy x-ray absorptiometry, and vascular calcification have emerged in CKD groups (25) . However, the findings are somewhat controversial (26) , possibly because of the limitation of the dual-energy x-ray absorptiometry technique in the assessment of BMD (27) (28) (29) . In the study presented here, VBD was assessed by CT, a method that allows distinction between cortical and trabecular bone and avoids miscalculation of the VBD due to the presence of aortic calcification. In dialysis patients, the few studies using CT have found an association between low trabecular VBD and the extent of CAC (8, 9) . Herein, we demonstrated that such association starts early in the course of CKD.
It has been suggested that bone loss and CVD share some similar etiopathogenic mechanisms. However, no data in the literature have established a clear physiopathological mechanism to explain the shift of calcium from bone to the vessels. Some potential mechanisms mutual to both complications have been advocated based on animal models. For instance, factors such as PTH, vitamin D, estrogen, and cytokines play a role in both processes, in- dependently or through the mobilization of calcium from the skeleton to the vessels. Actually, evidence of the relationship between bone loss and vascular calcification has come from knockout mice. Animals deficient in matrix gla protein have impaired cartilage growth plate mineralization, leading to osteopenia and severe medial vascular calcification (30) . In an interesting study by Price and colleagues, vascular calcification was induced in rats by administration of excessive vitamin D (cholecalciferol), and they were able to inhibit calcification by adopting therapies that inhibited the bone resorption (31) (32) (33) . The evidences linking bone disease to vascular calcification in CKD patients have been based on bone turnover derangements and not on bone density. In studies with bone biopsy, an association between CAC and low bone turnover has been observed in CKD patients (17, 34, 35) . It seems that the decreased bone formation rate leads to an inability of bone to buffer the calcium overload, predisposing to metastatic calcification (36) . Although low-turnover bone disease is frequent among nondialyzed CKD patients (16,17), it remains unclear whether loss of bone mass is mandatory in the course of low-turnover bone disease. In a study with hemodialysis patients, Barreto et al. (35) showed that lower trabecular bone volume was associated with the development of CAC, and the improvement of bone turnover was associated with lower CAC progression. These data provide evidence that disturbances in bone metabolism may lead to vascular calcification.
In the study presented here, the cause-and-effect relationship between low VBD and CAC cannot be established because of the cross-sectional design. Another limitation of this study is the relatively small number of nondialyzed CKD patients included. However, it must be emphasized that the sample was representative in terms of age, sex, prevalence of diabetes, and CKD stage distribution. In addition, considering the high burden of risk factors associated with bone mineral disturbances that predispose CKD patients to cardiovascular injuries and the lack of conception on this issue particularly among nondialyzed CKD patients, we believe that the result of this study is important.
In conclusion, low VBD was associated with the presence of CAC in nondialyzed CKD patients. We suggest that low VBD might constitute another nontraditional risk factor for CVD in CKD patients. Interventional studies are warranted in the earlier stages of the disease to investigate whether the treatment of low bone density could ameliorate the vascular calcification in this population.
